Abstract--The nuclear receptors of the NR1H and NR1I subgroups include the constitutive androstane receptor, pregnane X receptor, farnesoid X receptors, liver X receptors, and vitamin D receptor. The newly emerging functions of these related receptors are under the control of metabolic pathways, including metabolism of xenobiotics, bile acids, cholesterol, and calcium. This review summarizes results of structural, pharmacologic, and genetic studies of these receptors.
Introduction
The 48 members of the nuclear hormone receptor superfamily can be divided into approximately equal-sized groups of conventional receptors with known ligands and orphan receptors that lack them (Willson and Moore, 2002) . The conventional receptors can be further subdivided into comparably sized subgroups of classic receptors, whose ligands were well known before their cDNAs were cloned, and new receptors that are often termed "adopted orphans." The majority of the new receptors are in the NR1H 1 and NR1I subfamilies.
An intriguing functional theme has developed for the new receptors as a series of RXR heterodimer partners, first the PPARs and then the LXRs (NR1H2 and NR1H3), FXR (NR1H4), PXR (NR1I2), and CAR (NR1I3), have emerged as key regulators of metabolism (Lu et Shulman and Mangelsdorf, 2005) . The PPARs, receptors for fatty acids and the clinically important antidiabetic thiazolidinediones (PPAR␥) and antihyperlipidemic fibrates (PPAR␣), are described elsewhere. A full analysis of the metabolic regulatory roles of the NR1 receptors is outside the scope of this brief review, but the endogenous ligands, primary functions, and sites of expression of the these receptors are summarized in Table 1 .
The LXRs are receptors for oxysterols, oxidized cholesterol derivatives that accumulate when cholesterol levels are elevated. LXR␣ drives cholesterol catabolism in the liver, whereas LXR␤ activates reverse cholesterol transport from the periphery to the liver . The bile acid receptor FXR functions as the major regulator of bile acid homeostasis ). This includes direct activation of pathways that repress bile acid biosynthesis and also induce bile acid export from the liver. The xenobiotic receptors CAR and PXR mediate a chemical defense response to potentially toxic foreign compounds and also toxic endogenous compounds by increasing the capacity of the liver and other tissues to metabolize and clear them . The vitamin D receptor (VDR) (NR1I1) is the final member of the NR1I subgroup and the only one that had been characterized before the isolation of its cDNA. VDR is primarily associated with calcium homeostasis, not lipid metabolism, but it has recently been identified as an additional bile acid receptor .
It should be emphasized that the NR1H and NR1I receptors do not function in isolation but cooperate to coordinate inter-related metabolic responses and also that each has additional important functions. For example, LXR␣ activation in liver increases not only cholesterol efflux but also triglyceride production by inducing expression of the lipogenic transcription factor SREBP-1c and its target genes (Joseph et al., 2002a) . This is consistent with coordinate release of both cholesterol and triglycerides from the liver in lipoproteins. FXR activation regulates cholesterol and triglyceride metabolism in the opposite direction of LXR␣, inhibiting both cholesterol conversion to bile acids and triglyceride production . The LXR and FXR responses share some key target genes, such as cholesterol 7␣-hydroxylase, CYP7A1, and SREBP-1c, but are mechanistically quite distinct, with LXR directly activating both, at least in rodents, whereas FXR acts indirectly via induction of the repressor SHP (NR0B2).
Characterization of these new receptors has also revealed novel links among metabolic pathways and between these pathways and other responses. Thus, recent results show that LXR agonists can have unexpected but potentially beneficial effects on glucose metabolism by both down-regulating expression of gluconeogenic target genes in liver and increasing expression of genes involved in glucose uptake in the periphery . More broadly, LXRs have been found to have anti-inflammatory effects. VDR also has a substantial impact on immune function (DeLuca and Cantorna, 2001), although some of the effects may be secondary consequences of alterations in calcium homeostasis (Mathieu et al., 2001 ).
Structures

LXR␣ and ␤
Structures have been solved for LXR␤ bound to the natural agonist 24(S),25-epoxycholesterol (eCH) and the synthetic agonist T0901317 (Hoerer et al., 2003; Williams et al., 2003) . The ligands are retained in the pocket primarily through hydrophobic interactions that orient the A ring of eCH toward helix 1 and the D ring and epoxide tail toward the C-terminal end of helix 10. Distinctive features include a long helix 1 and a relatively large ligand-binding pocket (ϳ800 Å 3 ) compared with the classic steroid hormone receptors. Both eCH and T0901317 stabilize the AF-2 helix in the active configuration through a histidine-tryptophan switch that involves hydrogen bonds between the ligand and the His-435 imidazole ring, which in turn makes an edge to face interaction with the Tyr-487 on the inner surface of the AF-2 helix. LBD structures have been determined for LXR␣ bound to the synthetic agonist T0901317 and GW3987 and are very similar to that of LXR␤ bound to T0901317 (Svensson et al., 2003) . All of the amino acids that line the ligand-binding pocket, including the histidine trigger and the AF-2 tryptophan, are conserved in the two LXR isoforms, so the mechanism of ligand activation seems to be identical.
FXR␣
Structures have been solved for FXR␣ bound to the agonist bile acids 3-deoxychenodeoxycholic acid and 6-ethyl-chenodeoxycholic acid and the synthetic agonist fexaramine Mi et al., 2003) . Unlike all other steroid-nuclear receptor interactions, the bile acids occupy the ϳ700 Å 3 ligand-binding pocket with their A rings facing the AF-2 helix. The A rings activate a histidine-tryptophan switch that stabilizes the AF-2 helix in the active configuration. Agonist-bound FXR␣ can interact simultaneously with two LXXLL coactivator motifs: one occupies the primary coactivator binding groove, whereas the other binds to an adjacent site in an antiparallel manner. This second binding site enhances the binding affinity of the coactivator.
VDR
The first reported VDR structure was for an LBD derivative of the human receptor (VDR⌬) in which a 50-amino acid segment between helices 1 and 3 was removed, based on secondary structure prediction programs suggesting that this region was disordered (Rochel et al., 2000) . VDR⌬ was crystallized bound to (Ciesielski et al., 2004) . The region deleted in VDR⌬ was not visible in the electron density map, reflecting its disorder. The binding pocket is identical and makes the same interactions with the ligand seen in the original VDR⌬ structure.
CAR
The structure of the CAR LBD has been solved in complex with the agonists 5␤-pregnanedione, CITCO, and TCPOBOP and the inverse agonist androstenol (Shan et al., 2004; Suino et al., 2004; Xu et al., 2004) . The structures suggest that the constitutive activity of CAR results from several features including a short helix preceding the AF-2 helix, helix 12, which combines with a salt bridge between C terminus of helix 12 and helix 3 to stabilize the AF-2 helix in the active conformation. The CAR LBD is stabilized further by an extended helix 2 that makes contacts with helix 3. The CAR LBD contains a well-formed ligand-binding pocket of ϳ600 Å 3 but lacks the sequence motifs that allow the flexible expansion of the PXR pocket. A single residue difference in the C-terminal region of the mouse versus human CAR is proposed to account for the strong species selectivity for some agonists. The CAR-androstenol complex shows that this inverse agonist sterically interferes with the positioning of the AF-2 helix, preventing CAR from interacting with either coactivators or corepressors.
PXR
Like VDR, PXR contains an ϳ60 amino acid region between helix 1 and helix 3. However, in PXR this insert creates an extended five-stranded antiparallel ␤-sheet and a 13-to 20-amino acid stretch of disordered residues adjacent to the ligand-binding pocket (Watkins et al., 2001) . These features generate a ligand-binding pocket with an apo volume of ϳ1300 Å 3 that can adjust its shape to accommodate ligands of distinct size and structure. Twenty-eight amino acid side chains line the pocket of PXR, of which eight are polar and capable of forming hydrogen bonds with ligands. All ligands examined to date, including the cholesterol-lowering drug SR12813, the antibiotic rifampin, and the St. John's wort constituent hyperforin, form a combination of 
Endogenous Ligands
LXR␣ and ␤
The endogenous ligands of the LXRs are a series of oxidized derivatives of cholesterol termed "oxysterols" (Janowski et al., , 1999 . Arguments for oxysterols as physiologic agonists for LXRs include their ability to activate the receptors at concentrations comparable with their endogenous levels, the fact that the natural stereoisomers are more active than synthetic variants, and the clear cholesterol-related phenotypes of LXR-null mice. Potential LXR agonists include 24(S),25-epoxycholesterol, which is generated from the cholesterol precursor squalene and is relatively abundant in the liver; 22(R)-hydroxycholesterol, which is a transient intermediate in steroid hormone synthesis; 24(S)-hydroxycholesterol, which is present in the brain; and 27-hydroxycholesterol which is found in macrophages. The two LXR isoforms are very closely related and the endogenous and synthetic agonists characterized to date activate both.
FXR␣
It is now well established that FXR␣ functions as a bile acid receptor. It can be activated by a very wide range of bile acids, including the primary products cholic acid and chenodeoxycholic acid, and their secondary glycine and taurine conjugates . The affinities are not equivalent, however, and it seems likely that distinct bile acids may have somewhat different functional effects on FXR␣ and also the other NRs that they activate, including VDR, PXR, and CAR. Bile acids are produced from cholesterol via a complex series of enzymatic steps that are organized into two main pathways. The initial and rate-limiting step in the classic or neutral pathway is catalyzed by cholesterol 7␣-hydroxylase, CYP7A1. Expression of this key enzyme is powerfully repressed when bile acid levels are too high by a nuclear receptor cascade in which the activated FXR␣ induces expression of the orphan receptor SHP, which in turn shuts off the activity of another orphan receptor, liver receptor homolog-1, which is essential for CYP7A1 promoter activity (Shulman and Mangelsdorf, 2005) .
VDR
In contrast with the recent linkage of the other NR1 receptors with their ligands, the active ligand for the VDR has long been known to be 1,25(OH) 2 D 3 , and both its production and the mechanisms that control its levels are well defined (DeLuca, 1986). 7-Dehydrocholesterol is a vitamin D precursor that is synthesized from cholesterol and is converted into vitamin D 3 by UV light in the skin. Of course, vitamin D is also a nutrient present in 744 the diet as both vitamin D 2 (ergocalciferol) from plants and vitamin D 3 (cholecalciferol) from animals. The active hormonal 1,25(OH) 2 D 3 is generated by sequential enzymatic steps. The initial step in the liver is dependent on cholesterol 27-hydroxylase, CYP27, which produces 25(OH)D 3 . 25-Hydroxyvitamin D-1␣-hydroxylase (1␣-hydroxylase, CYP27B1) generates the active hormonal form in the kidney.
Levels of 1,25(OH) 2 D 3 are tightly regulated to maintain calcium homeostasis. VDR plays a central role in this process by both repressing expression of the proximal activator, 1␣-hydroxylase, and inducing expression of the inactivating enzyme CYP24, which produces 1,24,25-trihydroxyvitamin D 3 .
Based on their discovery that hydrophobic bile acids are also potent VDR agonists, proposed that VDR has an additional function in the protection against the toxic and carcinogenic effects of these endobiotics in the gut.
PXR and CAR
These two related receptors are most commonly considered to respond to a wide range of potentially toxic foreign compounds, or xenobiotics. However, they can also be activated by a number of potentially toxic endogenous compounds (endobiotics). For PXR, bile acids, particularly more hydrophobic and toxic examples, such as lithocholic acid, function as direct agonists . PXR activation by elevated concentrations of such bile acids results in induction of cytochrome P450 enzymes that hydroxylate them and thereby decrease their toxicity. Murine PXR can also be activated by oxysterol precursors of bile acids .
CAR has both direct and indirect mechanisms of activation based on either conventional agonist binding or a still poorly characterized pathway of induced nuclear translocation (Swales and Negishi, 2004; Qatanani and Moore, 2005) . In the latter case, the constitutive transactivation function of CAR results in induction of expression of appropriate target genes. There are no known endogenous agonists that directly activate CAR in physiologic pathways. The first CAR ligands identified were the endogenous androgen metabolites, androstanol and androstenol, which are inverse agonists that can block the constitutive activity of CAR , but this requires micromolar concentrations that are far above those reached in vivo. CAR can be activated indirectly by high concentrations of both bile acids ) and bilirubin . Both of these pathways result in detoxification and induced clearance of these endogenous toxins. For both CAR and PXR, normal physiologic concentrations of these endobiotics cannot effectively activate the receptors. Instead, both function to protect against the consequences of pathologically elevated levels.
Synthetic Ligands and Selective Modulators
LXR␣ and ␤
The majority of the studies of the effects of synthetic LXR agonists have been carried out with a single compound, T0901317, which activates both isoforms . A number of effects have been reported for T0901317, primarily in mouse models, but the best characterized is an increase in reverse cholesterol transport. In this process, LXR activation in macrophages induces expression of the ATP-binding cassette transporters ABCA1 and G1 and increases transport of cholesterol to the acceptor apolipoprotein A1. The result is inhibition of atherogenesis in mouse models (Tangirala et al., 2002; Levin et al., 2005) , and a similar beneficial effect has been described for another LXR pan-agonist, GW3965 (Joseph et al., 2002b) .
Although LXR activation has desirable effects on reverse cholesterol transport and other potentially desirable effects, it also increases serum triglycerides in mouse models. This increase is believed to be related to the induction of SREBP-1c in the liver and is also thought to be primarily an LXR␣ function, raising the possibility that an LXR␤-specific agonist could retain many of the beneficial effects without the undesirable triglyceride effect. , 1999) . This is a much lower affinity than that of classic steroid and thyroid hormone receptors and is associated with decreased specificity, which allows responses to structurally diverse conjugated and unconjugated bile acids. However, it also means that FXR␣ is a relatively nonspecific receptor that can respond to a wide range of additional compounds. It is therefore relatively easy to identify novel modulators of FXR␣ activity, but the large majority of studies on synthetic FXR␣ ligands have focused on a single compound, GW4064. This potent FXR␣ agonist binds with high affinity and apparently good specificity, although its spectrum of effects on other potential targets remains to be established. More limited studies have been carried out with another synthetic agonist, fexaramine, and the synthetic bile acid derivative 6-␣-ethyl-chenodeoxycholic acid. Like the LXRs, FXR␣ is a current target for the development of therapeutic agents. The effects of GW4064 and some other agonists in animal models provide support for potential applications in lowering triglycerides and protecting against liver damage in cholestasis (Liu et al., 2003) and cholesterol gallstone disease (Moschetta et al., 2004).
Consistent with the apparent flexibility of FXR␣, other ligands seem to have more selective modulatory effects. The naturally occurring phytosteroids E-and NR1H AND NR1I RECEPTORS Z-guggulsterone were initially described as FXR␣ antagonists (Urizar et al., 2002) but may be selective modulators with different effects on different targets , and the synthetic ligand AGN34 reportedly also functions as an agonist or antagonist in different gene contexts .
VDR
1,25(OH)
2 D 3 itself provides a simple means for VDR activation and is clinically used in treatment of osteoporosis, psoriasis, and secondary hyperparathyroidism. However, the undesirable hypercalcemic effects of higher doses complicate these and a wide range of additional potential therapeutic applications in diverse areas that include immunology and cancer. In marked contrast with the other NR1I receptors CAR and PXR, VDR is a highly specific receptor. Thus, substantial effort has been directed to developing selective, noncalcemic 1,25(OH) 2 D 3 analogs (Nagpal et al., 2005). Although progress has been made, this problem has not been solved, and clinical use of selective VDR agonists is not yet widespread.
PXR and CAR
These two receptors are unique among the NRs in that they are specifically designed to be nonspecific ). They are not activated by specific hormones but instead can recognize and respond to an enormous range of relatively small, hydrophobic exogenous compounds. Direct binding of such compounds is the dominant mechanism of activation of PXR, which has a larger and more flexible ligand-binding pocket. PXR can be activated by an unknown fraction of the total number of relatively hydrophobic organic molecules with molecular masses roughly Ͻ1000 Da. Although the likelihood that a particular compound is a PXR agonist may be small, the enormity of this chemical space means that the number of such compounds is essentially unlimited. As noted above, CAR has a more restricted ligand-binding pocket and has a much more limited range of direct agonist ligands. However, this restriction is complemented by the indirect translocation mechanism in hepatocytes, which can be triggered by elevated levels of a very wide range of structurally unrelated compounds. These two receptors function together to regulate common target genes to promote xenobiotic detoxification, and their distinct mechanisms of activation are thought to facilitate response to an especially diverse range of xenobiotic stimuli.
Another unusual aspect of ligand binding by PXR and CAR is the high divergence of their ligand-binding domains between species, which leads to quite different ligand profiles. Thus, the antibiotic rifampicin is a potent agonist for human PXR but does not bind the rodent receptor . Similarly, the human CAR agonist CITCO is inactive against murine CAR (Maglich et al., 2003) . As expected, "humanized" trans- 
Genetics
LXR␣ and ␤
The genetics of the LXR isoforms in humans remains unexplored, with no hereditary diseases associated with LXR defects and not even any published reports on LXR gene polymorphisms. In mice, however, both the individual and the double LXR gene knockouts have been well studied. Loss of LXR␣ function results in a defect in cholesterol elimination, with the LXR␣ Ϫ/Ϫ livers accumulating much greater amounts of cholesterol than wild-type livers when the mice were challenged with a high cholesterol diet . The loss of LXR␤ does not result in a similar defect, but the combined loss of both isoforms exacerbates the cholesterol elimination defect of the LXR␣ Ϫ/Ϫ mice ). The role of LXR isoforms in reverse cholesterol transport was confirmed in mice with selective loss of both isoforms in macrophages, which was accomplished by transplant of double knockout bone marrow into irradiated hosts. In atherogenic models, animals receiving the mutant cells developed much more atherosclerosis than those transplanted with wild-type cells and were also, resistant to the antiatherogenic effect of the LXR agonist T0901317 (Tangirala et al., 2002; Levin et al., 2005) . Atherogenesis is associated with inflammation, and similar transplants also revealed direct functions for LXRs in inhibiting expression of proinflammatory genes and activating innate immunity (Joseph et al., , 2004 .
The other major role of LXR isoforms is in lipid homeostasis as evidenced by resistance to diet-induced obesity seen in LXR double knockout mice . This phenotype is due to loss of hepatic triglyceride synthesis and the uncoupled burning of dietary fat in the periphery.
FXR␣ and ␤
The mouse genome encodes two FXR types, FXR␣ and FXR␤ (Otte et al., 2003) . Remarkably, human FXR␤ is a 746 pseudogene, with numerous nucleotide changes that preclude expression of the intact protein. Essentially nothing is known about the function of mouse FXR␤. A further complication is that the conserved FXR␣ (generally termed FXR) gene encodes four protein products . Because of differential promoter usage, FXR␣3 and FXR␣4 have 37 additional N-terminal amino acids that are not present in FXR␣1 and FXR␣2. Because of differential splicing, FXR␣1 and FXR␣3 have an additional four amino acids in the hinge region that are not present in FXR␣2 and FXR␣4. There is evidence for functional differences between these very similar proteins, but their potentially distinct physiologic roles remain to be determined.
As with the LXRs, human genetics of FXR␣ is in its infancy. However, loss of FXR␣ function in mice results in profound defects in bile acid metabolism, notably a failure to suppress their production in response to elevated bile acid levels (Sinal et al., 2000) . The FXR␣-deficient mice also have defects in cholesterol homeostasis and accumulate lipids in the liver and in circulation (Sinal et al., 2000) . Recent results indicate that the elevated liver and serum lipids result in insulin resistance (Cariou et . These mice are relatively normal until weaning but show a wide range of phenotypes also observed in vitamin D deficiency. Thus, the knockouts fail to thrive and show alopecia, infertility, hypocalcemia, and severely impaired bone formation. Female mice have uterine hypoplasia and impaired folliculogenesis. VDR-null animals generally die before 4 months of age. Remarkably, however, the pathologic impact of the loss of VDR function is substantially ameliorated by feeding diets rich in calcium, phosphate, and lactose (Amling et al., 1999) , indicating that many of these effects are due to dysregulation of mineral homeostasis.
PXR and CAR
Polymorphisms that may have functional effects have been identified for both PXR and CAR (Koyano et ., 2000) show the expected deficits in specific xenobiotic induction of drug metabolism and are also sensitive to elevated levels of endobiotic stress. Neither the single knockouts nor the double knockout exhibit obvious phenotypes under basal circumstances, indicating that these receptors function primarily to respond to chemical stresses.
The induction of drug metabolism is an undesirable drug side effect because the activation of this process by one therapeutic agent can dramatically alter the biologic activity of others that are coadministered. The divergence of the xenobiotic receptor ligand binding domains means that such drug-drug interactions relevant to humans cannot be reliably studied in standard rodent models. As noted above, however, lines of "humanized" mice expressing the human receptors instead of their mouse counterparts can be used to identify such effects . Tables 2 through 8 summarize the functions, biologic activities, structural properties, and ligands of these receptors. Biologically important isoforms PXR1 {Hs}: main isoform 1,2,5 ; PXR2 {Hs}: has a different 5Ј-UTR and encodes a single fulllength product with an N-terminal extension not found in other isoforms; PXR3 {Hs}: has a different 5Ј-UTR and encodes an isoform lacking 39 N-terminal and 37 internal amino acids compared with PXR2-the reading frame is maintained, and it uses a non-AUG translation initiation codon Tissue distribution Liver, intestine, kidney, lung {Hs, Mm} ͓Northern blot, Q-PCR, immunohistology͔ [1] [2] [3] [4] [5] 13 Functional assays Drug clearance by the liver following tribromoethanol-induced anaesthesia or zoxazolamineinduced paralysis {Mm} 28 ; measurement of bile acid liver toxicity after PXR activation {Mm} 13, 29 ; bilirubin and corticosterone clearance {Mm} 30 ; warfarin clearance from the liver by PXR-activating Chinese herb wu wei zi (Schisandra chinensis Baill) and gan cao (Glycyrrhiza uralensis Fisch) {Rn} 20 Main target genes Activated: cytochrome P450 genes {Hs, Mm, Rn}, Mutant phenotype Impaired drug metabolism induced by specific xenobiotics, such as loss of CYP3A11 inducibility in response to PCN and dexamethasone-sensitivity to bile acid-induced toxicity {Mm} ͓knockout͔ 15, 28, 29 ; acquired responsiveness to human-specific ligands such as rifampicin, loss of responsiveness to rodent-specific ligands, such as PCN {Mm} ͓hPXR transgenic mice and hPXR transgenic with PXR knockout background͔ 28 ; increased bilirubin and cortisone clearance, increased detoxification of bile acids, increased protection against xenobiotic toxicants, such as zoxazolamine and tribromoethanol {Mm} ͓transgenes of a constitutively actived hPXR into the liver͔ [28] [29] [30] Human disease
Breast cancer: levels of PXR mRNA in ER-positive tumors are significantly lower than those observed in ER-negative tumors 34 ; a significant positive correlation was detected between SXR/hPXR labeling index and both the histologic grade and the lymph node status of the carcinomas 35 
